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In this study we evaluate the expression of all mem-
bers of the class 3 semaphorins and their receptor
components following complete transection and con-
tusion lesions of the adult rat spinal cord. Following
both types of lesions the expression of all class 3 sema-
phorins is induced in fibroblast in the neural scar. The
distribution of semaphorin-positive fibroblasts differs
markedly in scars formed after transection or contu-
sion lesion. In contusion lesions semaphorin expres-
sion is restricted to fibroblasts of the meningeal sheet
surrounding the lesion, while after transection sema-
phorin-positive fibroblast penetrate deep into the cen-
ter of the lesion. Two major descending spinal cord
motor pathways, the cortico- and rubrospinal tract,
continue to express receptor components for class 3
semaphorins following injury, rendering them poten-
tially sensitive to scar-derived semaphorins. In line
with this we observed that most descending spinal
cord fibers were not able to penetrate the semaphorin
positive portion of the neural scar formed at the lesion
site. These results suggest that the full range of se-
creted semaphorins contributes to the inhibitory na-
ture of the neural scar and thereby may inhibit suc-
cessful regeneration in the injured spinal cord. Future
studies will focus on the neutralization of class 3 sema-
phorins, in order to reveal whether this creates a more
permissive environment for regeneration of injured
spinal cord axons. © 2002 Elsevier Science (USA)
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INTRODUCTION

Although some central nervous system (CNS) neu-
rons have the intrinsic capacity to regenerate following
injury (3), this regenerative potential is frustrated by
the presence of outgrowth inhibitory molecules and the
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lack of sufficient trophic support in the microenviron-
ment surrounding the injured axon stumps (4, 5, 26).
Molecules associated with CNS myelin, like NI-250/
nogo A (9, 57) and myelin-associated-glycoprotein
(MAG) (40, 42), inhibit regrowth of injured neurites.
Furthermore, enhanced expression of neurite out-
growth inhibiting extracellular matrix proteins, in-
cluding chondroitin sulfate proteoglycans (CSPG) (12,
39, 59, 60) and tenascin (2, 32, 33, 36, 71), by reactive
astrocytes and other scar-associated cells at the injury
site contributes to regenerative failure of CNS axons
(14, 53, 61-63).

Several axon guidance molecules, including mem-
bers of the netrin, ephrin, slit, and semaphorin fami-
lies, display chemorepulsive effects on specific popula-
tions of axons in the developing embryo (22, 27, 37, 69).
Observations in genetically manipulated mice demon-
strated that these proteins are involved in constraining
axons to defined regions of the developing nervous
system (7, 13, 16, 58, 67). We and others (18, 19, 37, 70)
hypothesized that some of these chemorepulsive pro-
teins could also participate in inhibiting regeneration
in the adult injured mammalian CNS. Indeed fibro-
blasts and astrocytes in the core of a neural scar
formed following traumatic brain injury express high
levels of the repellents semaphorin 3A (Sema3A) (46,
47) and EphB3 (41), respectively. The continued ex-
pression of neuropilin-1, a component of the Sema3A
receptor, by axotomized olfactory and dorsal root gan-
glion neurons, suggests that these axons are sensitive
to scar-derived Sema3A (46).

The semaphorin family consists of secreted and
membrane associated proteins, which all share a sema-
phorin domain of approximately 500 amino acids (29).
Based on similarities in their semaphorin domain and
differences in C-terminal characteristics semaphorins
have been subdivided into eight classes (1). Class 3
semaphorins are secreted vertebrate semaphorins,
which mediate their repulsive effect via a receptor
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complex consisting of neuropilin-1 or neuropilin-2
(NP-1, NP-2) and a signal transducing part formed by
class A plexins (PIxAl) (54, 64, 66). Antibody neutral-
ization of NP-1 prevents Sema3A-induced growth cone
collapse, showing that NP-1 is an essential protein of
the functional receptor complex (15, 23, 28). NP-2 is
required for Sema3B, Sema3C, and Sema3F function
(11, 17, 65). Both in vitro and in vivo, semaphorin-
induced biological responses can be suppressed by ex-
pression of dominant-negative plexins, indicating the
essential role of plexins in semaphorin signaling (54,
64, 66). The intracellular signaling pathway of secreted
semaphorins is largely unknown although collapsin-
responsive mediator protein (CRMP-2) is required for
Sema3A activity on dorsal root ganglion neurons (20),
and activation of rho-like GTPases appears to be in-
volved (25, 30, 55).

In this study we document the expression of all ro-
dent class 3 semaphorins in relation to the failure of
adult long descending spinal cord axons, e.g., cortico-
and rubrospinal axons, to regenerate following spinal
cord injury. Individual class 3 semaphorin genes were
analyzed by in situ hybridization at different time
points following two types of spinal cord lesions, com-
plete spinal cord transection, and spinal cord contusion
lesions. We find that all class 3 semaphorin family
members are expressed at moderate-to-high levels in
the fibroblast component of the developing neural scar
at the spinal cord lesion site. Cortico- and rubrospinal
tract (CST and RST, respectively) neurons continue to
express receptor components for class 3 semaphorins
and most descending spinal cord fibers were not able to
penetrate the portion of the scar containing sema-
phorin expressing fibroblasts. The observation that
semaphorin-positive scar tissue is selectively avoided
by injured descending spinal cord axons suggests a
significant contribution of class 3 semaphorins to re-
generative failure of the CST and RST axons.

MATERIALS AND METHODS

Animals

Contusion lesions (n = 16; four animals per condition
per time point) and retrograde tracing (n = 2) were
performed in adult male Wistar rats (220 g; Harlan
CPB-Zeist; The Netherlands). Control tissue was de-
rived from adult male rats (n = 4). Complete spinal
cord transections and fiber tracing (n = 16; 4 animals
each time point) were performed on adult female Fi-
scher rats (160-180 g; Charles River Laboratories, Ra-
leigh, NC). The animals were housed in group cages in
12-h light/12-h dark cycle and food and water were
available ad libitum. All surgical techniques were per-
formed according to the local guidelines of the Experi-
mental Animal Care Committee.

Surgical procedures

Spinal cord contusion lesion. Anesthesia and surgi-
cal procedures were performed as described previously
(31). In short, animals were anesthetized, intubated, and
artificially ventilated with a mixture of 1.75% isoflurane
and O,/N,0 (1:2). The spinal cord was exposed by bilat-
eral laminectomy of thoracic vertebra 8, without disrupt-
ing the dura. The MASCIS-Impactor (21) with a 10-g rod
was used to induce a 12.5- or a 25-mm contusive injury.
Muscle and skin were sutured and the animals received
3 ml saline subcutaneously to compensate for blood loss
during the surgical procedures. The bladder was emptied
manually until sufficient autonomous emptying of the
bladder returned. Animals were sacrificed at 14 and 28
days after surgery.

Complete spinal cord transection. Anesthesia and
surgical procedures were performed as described pre-
viously (44). In short, the thoracic spinal cord was
exposed and a laminectomy was performed at thoracic
vertebra T8. A small incision was made in the dura
mater, followed by a complete transection of the T9
spinal cord. The lesion site was covered with 0.15-mm-
thick silicone sheeting (Specialty Manufacturing, Sagi-
naw, MI), and the muscles and skin were sutured.
Following surgery the rats received a subcutaneous
injection of 10 ml lactated Ringers solution, and were
allowed to recover in a warmed cage. Twice a day the
bladder was emptied manually until bladder function
returned. The rats were sacrificed 7, 14, 28, and 56
days after surgery.

Anterograde tracing. One week before the com-
pletely transected animals were sacrificed, the de-
scending axon projections in the spinal cord were an-
terogradely labeled with biotinylated dextran amine
(BDA; 10,000 MW; Molecular Probes, Eugene, OR).
Four times 0.5 ul 10% BDA was injected at the T6—7
thoracic spinal cord level (in both dorsal and ventral
horns). Animals that were analyzed at 7 days postin-
jury were injected with BDA immediately after the
complete transection.

Retrograde tracing. Following exposure of the ver-
tebral column, a laminectomy was performed at tho-
racic vertebra T7. Injections with Fluorogold (1 wul; 4%
in 0.1% DMSO/H,0O; Molecular Probes) were per-
formed in the dorsal half of the spinal cord, both dorsal
horns one injection, to retrogradely trace the descend-
ing fibers. Seven days following injection the animals
were sacrificed. Double staining for one of the receptor
component mMRNAs, NP-1, NP-2, PIxAl, or CRMP-2
and for Fluorogold was used to identify the corticospi-
nal neurons.

Tissue Preparation

At the appropriate postoperative survival times an-
imals were deeply anesthetized with Nembutal (0.125
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ml/100 g; ip), transcardially perfused with 0.1 M phos-
phate buffer (PB; pH 7.4), and subsequently fixed by
perfusion with 4% paraformaldehyde (PFA) in 0.1 M
PB (pH 7.4). Brain and spinal cord were dissected and
postfixed overnight in 4% PFA at 4°C. Overnight treat-
ment with EDTA (4°C; 250 mM in PB) to enhance
tissue penetration was followed by 24 h of cryoprotec-
tion by immersion in 25% sucrose in PB at 4°C. Tissue
was rapidly frozen in dry-ice-cooled 2-methylbutane
and stored in —80°C until use.

Thionine Staining

Cryosections (20 wm) were thaw-mounted on Super-
frost microscope slides (Menzel Glaser, Germany) and
immersed in thionine solution (0.5% thionine; 1% ace-
tic acid). Sections were rinsed in water, subsequently
dehydrated in graded series of ethanol, cleared in xy-
lene, and coverslipped with Entellan (Merck).

In Situ Hybridization

Digoxigenin- (DIG, Boehringer Mannheim, Mann-
heim, Germany) labeled cRNA probes were generated
by in vitro transcription with T7 RNA polymerase
(Boehringer Mannheim), using linearized full-length
templates (Sema3A (rat (19)), Sema3B, Sema3C,
Sema3E, Sema3F, NP-2, and PIXAl (mouse cDNA)
were a gift from A.W. Puschel, and NP-1 was a gift
from A. L. Kolodkin). In situ hybridization was per-
formed as described previously (47). In short, cryosec-
tions (20 wm) were thaw-mounted on Superfrost micro-
scope slides (Menzel Glaser) and postfixed with 4%
paraformaldehyde in phosphate-buffered saline (PBS;
pH 7.4). Following proteinase K (10 pwg/ml in PBS, 10
min, room temperature (RT)) treatment and acetyla-
tion sections were prehybridized overnight at RT in
hybridization solution (5X SSC; 50% formamide; 5X
Denhardt’s; 125 mg/ml baker's yeast tRNA). Hybrid-
ization at 60°C was performed overnight using 200
ng/ml heat-denatured digoxigenin-labeled cRNA probe
in hybridization solution. Stringency washes (5X SSC,
5 min/60°C; 2X SSC, 1 min/60°C; 0.2X SSC/50% form-
amide, 30 min/60°C; 0.1X SSC, 5 min/RT) were fol-
lowed by a blocking period of 1 h in blocking reagents
(Boehringer Mannheim). Alkaline phosphatase-conju-
gated anti-DIG antibody (1:3000 in Tris-buffered sa-
line (TBS), pH 7.5, 3 h, RT) incubation, followed by
overnight incubation at RT with nitroblue tetrazolium/
5-bromo-4-chloro-indolyl phosphate in TBS (pH 9.5)
containing magnesium, led to visualization of the hy-
bridized probe. The sections were mounted in glycerol
or used for immunocytochemistry.

Class 3 members of the semaphorin family contain
related sequences [0-59% identical nucleotides in the
complete coding sequence and 48—64% identical nucle-
otides in the semaphorin domain (alignment per-
formed with CLUSTAL program)]. The specificity of

the in situ hybridization procedure was inferred from
partially overlapping, but clearly distinct, distribution
patterns of all probes hybridized to sections derived
from noninjured rat brains (not shown). Sections taken
from the spinal cord lesion area or from noninjured
spinal cord hybridized with sense probes or without
probe exhibited no hybridization signal.

Immunocytochemistry

Following in situ hybridization, immunocytochemis-
try was performed. After rinsing in 0.1 M TBS (pH 7.4)
and blocking in TBS containing 0.1% Triton X-100 and
0.2% bovine serum albumin (BSA), sections were incu-
bated overnight at 4°C with primary antibody in TBS.
Washing in TBS and incubation for 1 h at RT with
peroxidase-labeled secondary antibody (1:800 in TBS)
was followed by anti-peroxidase antibody (1:1000 in
TBS) incubation for 1 h at RT. Sections were briefly
washed in TBS and rinsed in 0.05 M Tris—HCI, pH 7.6,
and treated with 0.05% diaminobenzidine (DAB) and
0.003% H,0, in 0.05M Tris—HCI, pH 7.6. Peroxidase
reaction was stopped in TBS and sections were
mounted in glycerol.

Antibodies

To characterize the class 3 semaphorin-expressing
cells in the lesion site the following antibodies were
used: anti-vimentin (vimentin is an intermediate fila-
ment present in a variety of cells, e.g., meningeal cells,
fibroblasts, and reactive astrocytes; monoclonal; 1:20;
Boehringer Mannheim), anti-fibronectin (marker for
meningeal cells and fibroblasts; rabbit polyclonal; 1:40;
Boehringer, Ingelheim, Heidelberg, Germany), anti-
glial fibrillary acidic protein (GFAP; marker for mature
astrocytes; 1:800; Dako, Glostrup, Denmark), and anti-
S100 (marker for astrocytes and Schwann cells; 1:600;
Dako). Anti-Fluorogold (1:5000, Chemicon Interna-
tional) was used to visualize the retrogradely trans-
ported Fluorogold in CST and RST neurons.

RESULTS

Development of the Spinal Cord Lesion Site

In order to study neural scar formation in the
transected and contused rat spinal cord, we performed
thionine staining. We analyzed three horizontal sec-
tions in each animal; each section was taken from a
different dorsal—-ventral level through the spinal cord
lesion site.

Complete transection (Figs 1A, 1C, 1E, and 1G). In
the first week postlesion blood has accumulated at the
primary lesion site and signs of tissue loss were ob-
served at the distal edge of the lesion. Along the blood
clot an accumulation of infiltrated cells was observed
(Fig. 1A). After 14 days the blood clot was cleared, and
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FIG. 1. Differences in lesion development in the adult rat spinal cord following complete transection or contusion lesion. Thionine stained
horizontal sections through the rat spinal cord (T9) at 7, 14, 28, and 56 days after complete transection (A, C, E, and G, respectively).
Complete spinal cord transection causes accumulation of blood at the lesion site, visible as a clot at 7 days postinjury (asterisk in A). At 14
days the blood clot is cleared and fibroblast-like cells have migrated into the lesion and form a scar that occupies the entire lesion site (arrows
in C). Also the first signs of tissue loss are visible between the infiltrated fibroblasts and spinal cord stumps. Ongoing degeneration results
in the formation of large cavities at 28 days (arrowheads in E) and 56 days (arrowheads in G) postinjury. Horizontal sections through the
degenerating rat T9 spinal cord at 14 (B, F) and 28 days (D, H) following mild (B, D) and severe (F, H) contusion lesion. In contrast to
transection lesions, thionine-stained sections through the contused spinal cord display a largely intact leptomeningeal sheet and no massive
migration of fibroblast-like cells into the lesion (B, D, F, H). 12.5- and 25.0-mm weight drop lesions caused comparable tissue loss after 14
and 28 days, visible as numerous cavities in the lesioned area (arrow heads). Bar, 5.5 mm.

many of the infiltrated cells, which filled up the lesion
site, formed strands that appeared to be connected to
the proliferating meningeal sheet (Fig. 1C). Secondary
degeneration extended into the distal and proximal
spinal cord, resulting in the formation of cystic cavities
between the neural scar and the remaining spinal cord
tissue. Due to continuing secondary degeneration, the
number and the size of the cysts increased, more so
distally than proximally, in the subsequent 14 days
(Fig. 1E). Severe tissue loss was visible after 56 days,
when large cystic cavities have been formed on both sides
of the neural scar (Fig. 1G). The cysts contained strands
of cells attached to the scar and the meningeal sheet.

Contusion (Figs. 1B, 1D, 1F, and 1H). Weight drop
lesions caused damage in all spinal cord layers at the
primary lesion site. After 14 days (Figs. 1B and 1F), in
both 12.5- and 25-mm weight drop-lesioned animals,
extensive secondary degeneration was observed ex-
tending distally and proximally and resulting in nu-
merous cysts. The meningeal sheet did not increase in
thickness, as was observed following spinal cord tran-
section. Twenty-eight days postlesion the secondary
degeneration has extended further from the lesion site
and the cysts have increased in size (Figs. 1D and 1H).
Most of the meningeal sheet appeared unaffected by
the lesion.
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FIG. 2. Class 3 semaphorin expression in the non-injured rat
spinal cord. In situ hybridization performed on transverse sections
through the intact rat spinal cord. Expression of all class 3 sema-
phorins is restricted to neurons (A—E); no expression was observed in
the white matter. Sema3A and Sema3C exhibited high expression
levels in motor neurons (A, C), whereas Sema 3B, Sema3E, and
Sema3F showed moderate expression levels (B, D, E) in motor neu-
rons. A weak to moderate expression of Sema3B, Sema3C, Sema3E,
and Sema3F was detected in a subpopulation of interneurons (B-F).
Sections hybridized with Sema3A sense probe did not exhibit hybrid-
ization signals (F). Bar, 750 um.

Class 3 Semaphorin Expression Following
Transection and Contusion of the Spinal Cord

Since there are no antibodies available to detect
class 3 semaphorin proteins in tissue sections, we used
nonradioactive in situ hybridization to study transcript
expression in horizontal spinal cord sections of com-
pletely transected and control rats. The spatiotemporal
expression of class 3 semaphorin mRNA was analyzed
at 7, 14, 28, and 56 days postlesion. In the intact adult
rat spinal cord class 3 semaphorin expression is re-
stricted to a subpopulation of neurons (Figs. 2A-2F).
Occasionally however a weak expression of Sema3A
and Sema3C in the meningeal sheet surrounding the
spinal cord was observed (data not shown). Sections
hybridized with sense probes exhibit no hybridization
signal (Fig. 2F). Sema3B was expressed at high levels
by cells located in both intact ventral and dorsal roots
(Fig. 4F).

Spinal Cord Transection (Figs. 3A-3P). In the ini-
tial phase following transection class 3 semaphorin
expression could not be detected at the lesion site (Figs.
3A-3D), only some of the spared neurons near the
lesion site displayed class 3 semaphorins. At 14 days
all members of the rodent class 3 semaphorins were

abundantly expressed following complete spinal cord
transection. Semaphorin 3A and 3C were expressed at
high levels (Figs. 3E-3H), whereas 3B, 3E, and 3F
were expressed at moderate levels. All class 3 sema-
phorins were expressed by the same type of elongated
nonneuronal cells organized in string-like structures
along the entire pial surface that surrounds the lesion
site. These strands of semaphorin-positive cells were
often connected to the swollen meningeal sheet sur-
rounding the lesion site and extended deep into the
lesion site. At 28 days, the expression has declined
from high to moderate levels for Sema3A and 3C (Figs.
31-3L) and from moderate to weak levels for Sema3B,
3E, and 3F. The semaphorin-positive cells were still
most prominent along the pial border of the spinal cord
lesion site. At the 56-day time point, Sema3A (Figs. 3M
and 3N), 3B, 3E, and 3F could not be detected. Weak
expression of Sema3C was present at the lateral edges
of the lesion (Figs. 30 and 3P). The medial part of the
lesion has turned into large cysts, filled with spinal
fluid.

Spinal cord contusion (Figs. 3Q-3Z). Class 3 sema-
phorin mRNA expression was analyzed in rat thoracic
spinal cord sections at 14 and 28 days following mod-
erate (12.5-mm) and severe (25-mm) contusion injury,
by performing in situ hybridization on horizontal sec-
tions through the lesion site. At both time points, mod-
erate and severe contusion lesions resulted in compa-
rable levels of semaphorin expression. Sema3A, 3B,
and 3C showed high levels of expression (Figs. 3Q, 3R,
3U, 3V, 3Y, and 32), whereas 3E and 3F were moder-
ately expressed (Figs. 3S, 3T, 3W, and 3X). Small scat-
tered clusters of semaphorin-positive cells were posi-
tioned along or near the meningeal sheet surrounding
the lesion site. The inner core of the lesion was mainly
composed of cysts and contained sporadically sema-
phorin-positive cells. High Sema3B expression was not
only observed in the meningeal sheet but also in cells
located in the ventral and dorsal roots (Fig. 3U).

Characterization of the Semaphorin-Expressing Cell
at the Transected Spinal Cord Lesion Site

Horizontal sections through the spinal lesion site (14
days postlesion) stained for individual class 3 sema-
phorin transcripts were subjected to immunohisto-
chemistry using different markers for scar-associated
cells to reveal the identity of the semaphorin-express-
ing cells in the developing scar. Complete transection
of the spinal cord leads to a strong astrocytic reaction
in and around the injury site. To determine whether
class 3 semaphorins were expressed in astrocytes, the
astrocyte marker GFAP was used to identify the astro-
cyte component of the scar. Double labeling with S100
was used to identify not only astrocytes, but also
Schwann cells that could have migrated into the lesion.
Antibodies to the intermediate filament protein vimen-
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FIG. 3. Spatiotemporal distribution of class 3 semaphorins expressed in the transected and contused rat spinal cord. Bottom right, a
schematic representation of a horizontal section through the rat spinal cord showing the approximate location of a complete transection
(dotted line) or contusion lesion (oval). The gray box indicates the approximate position of the corresponding panels, all displayed with the
surface of the spinal cord to the right. In situ hybridization performed on horizontal sections derived from the rat spinal cord transection
lesions (A—P) and contusion lesions (Q-Z). Proximal is toward the top; B, D, F, H, J, L, N, P, R, T, V, X, and Z are higher magnifications of
A,C,E,G ILK, M, 0O,Q,S,U, W, and Y, respectively. Semaphorin 3A and 3C expression in the complete transected rat spinal cord at 7 days
(A-D), 14 days (E-H), 28 days (I-L), and 56 days (M-P) survival time. Seven days following transection no mRNA encoding Sema3A was
detected in the meningeal sheet surrounding the lesion site (A, B). Sema3C mRNA was very faintly present in the meningeal sheet at this
time point (C, D). Strong induction of Sema3A (E, F) and Sema3C (K, L) expression in the next week resulted in heavily labeled cells in the
meningeal sheet and in strings of cells connected to the meningeal sheet which extend deeper in the lesion at 14 days postinjury. Transcripts
for Sema3A (1, J) and Sema3C (K, L) are continuously expressed at moderate levels at 28 days. At 56 days virtually no Sema3A and only weak
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FIG. 4. Class 3 semaphorins are expressed by fibroblast-like cells in the injured spinal cord. Double labeling combining nonradioactive
in situ hybridization for class 3 semaphorins (in purple) and immunohistochemistry (in brown) for fibronectin (A, D, G, J, M), vimentin (B,
E, H, K, N), S100 (C, F, 1), and GFAP (L, O) in sections through the spinal cord lesion site at 14 days following transection. Note that whereas
double-labeled cells are dark brown (e.g., A, B), single-labeled profiles are either purple (e.g., C, L) or light brown (e.g., C, L). High-
magnification shows that fibronectin colocalizes with messengers encoding the individual members of the class 3 semaphorins present in
clustered cells throughout the lesion (A, D, G, J, M). Also the intermediate filament protein vimentin is expressed in clustered cells which
are positive for one of the class 3 semaphorins (B, E, H, K, N). S100, a marker for astrocytes and Schwann cells (black arrowheads), does not
colocalize with Sema3A and Sema3E transcripts (white arrowheads), whereas Sema3B-positive Schwann cells in the dorsal root do
double-label with S-100 (black arrowheads) (F). GFAP-positive astrocytes (black arrowheads) were located in close proximity to Sema3A- and
Sema3E-positive cells in the lesion core (white arrowheads). Bar, 20 um.

Sema3C expression was observed in the remaining tissue. At 14 days following severe contusion of the adult rat spinal cord all rodent class
3 semaphorins are present at the lesion site. Sema3A (Q, R), Sema3B (U, V), and Sema3C (Y, Z) are expressed from moderate to strong levels,
whereas Sema3E (S, T) and Sema3F (W, X) from moderate to weak levels. Most expression is observed in clusters of cells in or close to the
meningeal sheet. Except for Sema3B (U), none of the class 3 semaphorins were detected in the dorsal roots (dr) (Q, Y, S, W). Strong Sema3B
expression was also observed in cells with a Schwann cell-like phenotype deeper in the lesion site(arrow, V). Bar, 65 um.
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tin and to fibronectin were used to characterize the
fibroblast component of the scar.

Following transection of the spinal cord strong GFAP
expression could be observed at the borders of the
lesion and in the lesion site itself. The clusters of sema-
phorin-expressing cells were located directly adjacent
to GFAP-positive areas, but no colocalization was
detected (Figs. 4L and 40). Sema3A-, Sema3C-,
Sema3E-, and Sema3F-expressing cells did not express
S100 and showed a similar relation to S100 as to GFAP
inside the lesion (Figs. 4C and 41). Within the spinal
roots, a subpopulation of S100-positive cells expressed
Sema3B (Fig. 4F). Although most Sema3B-positive
cells in the lesion were S100 negative, there was a
small subpopulation of Sema3B-positive cells in the
lesion that expressed S100; those are likely to repre-
sent Schwann cells that have migrated into the lesion
site.

Fibronectin immunoreactivity was detected through-
out the lesion site and was present in the relatively
intact meningeal sheet more proximal and distal from
the lesion site. Although the cellular localization of
fibronectin was more widespread than that of the se-
creted semaphorins, all semaphorin-expressing cells in
the lesion area were fibronectin positive (Figs. 4A, 4D,
4G, 4J, and 4M). Like fibronectin, vimentin could be
detected throughout the neural scar and the meningeal
sheet. All semaphorin-positive cells found in the scar
were vimentin positive (Figs. 4B, 4E, 4H, 4K, and 4N).
We therefore conclude that the semaphorin-expressing
cells are meningeal fibroblasts.

Expression of NP-1, NP-2, PIxAl, and CRMP-2 by
Cortico- and Rubrospinal Neurons

To determine if semaphorin expression at the spinal
cord lesion site could repel damaged CST and RST
axons, we performed in situ hybridization on coronal
brain sections to detect the presence of semaphorin
class 3 receptor components and CRMP-2 in intact and
injured cortico- and rubrospinal neurons. The CST is
formed by the axons of the pyramidal cells located in
layer V of the motor cortex (39). In the uninjured adult
animal, NP-1 transcripts were restricted to layer V
neurons of the motor cortex (Fig. 5E). At 2 weeks
following complete transection or contusion expression
of NP-1 persists and additional weak NP-1 expression
was observed in neurons of layer Il and VI (Fig. 5A).
Expression in these cortical layers could not be de-
tected at later time points. In contrast to NP-1, NP-2,
PIx1A, and CRMP-2 were widely expressed throughout
the cortex of control animals, including layer VV motor
neurons (Figs. 5F-5H). Except for a small increase in
NP-2 expression in layer Il neurons at 14 days after
complete spinal cord transection or contusion lesion, no
changes in NP-2, PIxAl, and CRMP-2 mRNA expres-

sion levels were observed following spinal cord injury
(Figs. 5B-5D).

In neurons of the red nucleus NP-1 mRNA could not
be detected in either control or lesioned animals (figs.
6A and 6B). Transcripts of NP-2, PIxAl, and CRMP-2
were found in the magnocellular and parvocellular
part of the red nucleus in both the control and the
lesion situation (Figs. 6C and 6D, 6F and 6G, and 6H
and 61, respectively). Persistent expression of receptor
components and CRMP-2 was observed up to 56 days
postlesion. This indicates that axotomized CST and
RST neurons could still respond to scar derived class 3
semaphorins.

Retrograde Tracing of the Descending Spinal Cord
Fibers

To determine whether the neurons in layer V of the
motor cortex containing semaphorin receptor compo-
nents participate in the CST, we performed retrograde
tracing combined with in situ hybridization for the
receptor transcripts. Bilateral Fluorogold application
in the dorsal half of the spinal cord at vertebra T6-7,
followed by immunohistochemical detection of retro-
gradely transported Fluorogold in coronal brain sec-
tions, showed labeling of a subpopulation of layer V
pyramidal cells. Combining immunohistochemical de-
tection of Fluorogold with ISH for semaphorin class 3
receptor transcripts and CRMP-2 revealed dual stain-
ing in numerous cells in layer V of the motor cortex
(Figs. 7A—7D). Double staining of coronal brain sec-
tions through the red nucleus of the same animals
resulted in a subpopulation of cells which were Fluoro-
gold-labeled and expressed transcripts for the sema-
phorin class 3 receptor components (data not shown).
Expression of neuropilins, plexin Al, and CRMP-2 in
Fluorogold-positive neurons indicates that neurons
give rise to the CST and RST are likely to be able to
sense scar-derived semaphorins.

Relation of the Descending Spinal Cord Fibers to the
Neural Scar

To examine the relation between axotomized de-
scending fibers and semaphorin-positive scar tissue
following complete spinal cord transection, an an-
terograde tracer was injected into the proximal part
of the lesioned cord. After 7 days horizontal sections
through the lesion site were prepared and subjected
to immunohistochemistry and in situ hybridization.
At 7 days after complete transection of the spinal
cord no semaphorin expression was detected at the
lesion site. BDA-positive fibers could be detected in
the proximal spinal cord stump, but did not reach the
proximal border of the lesion (not shown). At 14 and
28 days following complete transection many traced
fibers were detected in the proximal stump of the
spinal cord, the majority of which appear to avoid the
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FIG. 5. Class 3 semaphorin receptor components are expressed by control and injured CST neurons. Transverse sections through motor
cortex from control and spinal cord transected animals were subjected to in situ hybridization for NP-1 (A, E), NP-2 (B, F), PIxAl (C, G), and
CRMP-2 (D, H) mRNA. NP-1 is expressed in neurons located in layer V of the motor cortex in both control (E) and lesioned (A) animals. As
a result of the spinal cord injury an additional staining for NP-1 mRNA was observed in neurons of layer 1l and VI of the motor cortex at
14 days postlesion (A). In contrast to NP-1, NP-2 (B, F), PIXA1(C, G), and CRMP-2 (D, H) mRNA are expressed in all cortical layers and by
nearly all neurons. Except for a small increase of NP-2 expression in the neurons of layer Il at 14 days after injury, no changes in PIxAl and
CRMP-2 expression were detected as a result of the lesion. Bar, 100 um.

class 3 semaphorin-expressing parts in the scar (Fig. (Fig. 7F). Due to tissue loss traced fibers near the
7E). Occasionally, however, a BDA-labeled fiber pen- scar were hard to detect 56 days after transection;
etrated deeply into the semaphorin-containing area the fibers that were visible were all located proxi-
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FIG. 6. Class 3 semaphorin receptor components are expressed by control and injured RST neurons. Transverse sections through the
midbrain at the level of the red nucleus were subjected to in situ hybridization for NP-1 (A, B), NP-2 (C, D), PIXAl (F, G), and CRMP-2 mRNA
(H, 1). NP-1 mRNA was not detected in the neurons of the red nucleus in the control situation and following spinal cord transection (A, B).
NP-2, PIxAl, and CRMP-2 mRNAs are expressed by all rubrospinal neurons (D, G, and I, respectively), and the expression does not change
following spinal cord transection (C, F, and H, respectively). Bar, 225 um.

mally to the large cavities formed in the proximal spinal cord fibers did not grow across the lesion site
spinal cord stump. Anterograde tracing of descend- and were unable to penetrate deeply into the sema-
ing spinal cord fibers revealed that these injured phorin-positive portion of the scar.
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FIG.7. (A-D) Retrograde traced CST neurons express class 3 semaphorin receptor components. Retrograde tracing combined with in situ
hybridization on transversal sections through the rat motor cortex was used to reveal the presence of class 3 semaphorin receptor components
in corticospinal tract forming layer V neurons (A-D). Black arrowheads point to neurons which were double labeled for Fluorogold (in brown)
and one of the receptor components (in purple), indicating that NP-1, NP-2, PIXAl, and CRMP-2 are all expressed by the neurons that give
rise to the corticospinal tract. Bar, 125 um. (E and F) Relationship between injured descending spinal cord fibers and semaphorin 3E mRNA
expression in the transected spinal cord. Horizontal sections of the spinal cord lesion site at 14 days after complete transection (E, boxed area
in E is shown at F). Proximal is to right. Sections were probed for Sema3E (purple) and immunohistochemistry for BDA (dark brown). Dashed
line indicates the interface between the semaphorin 3E-positive scar and the proximal spinal cord stump (E). Most anterogradely BDA-traced
fibers (black arrowheads), present in the proximal spinal cord stump, fail to penetrate the semaphorin-positive portion of the scar (F).
Occasional fibers do penetrate in the semaphorin 3E-expressing meningeal cells (white arrowheads in F). Bar, 400 um in E; 210 um in F.

DISCUSSION

In this study we show that following transection of
the adult rat thoracic spinal cord the genes encoding
Sema3A, 3B, 3C, 3E, and 3F are expressed by fibro-
blasts in the core of the scar and in the meningeal sheet
surrounding the lesion site. After contusion lesion of
the spinal cord, virtually no class 3 semaphorin expres-
sion was observed in the core of the scar, but sema-
phorin expression was induced in cells in the menin-
geal sheet surrounding the lesion site. Following spinal
cord lesioning, the neurons that form the major de-
scending spinal nerve tracts, the CST and RST, con-
tinue to express the components of class 3 semaphorin
receptors, NP-1, NP-2, and PIxAl, and the intracellu-
lar signaling protein CRMP-2. Tracing studies re-
vealed that virtually none of the descending spinal cord
fibers enter semaphorin-positive regions of the glial-
fibroblastic scar. Our observations indicate that che-
morepulsive proteins of the semaphorin family may be
involved in the failure of spinal cord axons to grow
across scar tissue formed following spinal cord injury.

Spatiotemporal Distribution of Class 3 Semaphorin
Expression in the Injured Spinal Cord

Transection and contusion lesions of the spinal cord
are two commonly used experimental models to study
the failure of axonal regeneration and glial scar forma-
tion. Following both types of lesion we observe an in-
duction in expression of all known members of the class
3 semaphorins in small spindle-shaped cells with elon-
gated nuclei. Double labeling studies show that cells
expressing class 3 semaphorins are coexpressed with
markers for fibroblasts, including fibronectin (56) and
vimentin (43), and do not express the astrocyte marker
GFAP (8). These data are consistent with and extend
previous observations showing that the prototypic
member of the class 3 semaphorins, Sema3A, is ex-
pressed in fibroblasts derived from the leptomeningeal
sheet after injury to the adult CNS (46, 47). Sema3B,
but none of the other class 3 semaphorins, is also
expressed in S100-positive/GFAP-negative cells in the
dorsal and ventral roots and in cells located in the
lesion site. This indicates that Sema3B-expressing
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S100-positive cells are Schwann cells that have mi-
grated into the spinal cord lesion. These migrated
Schwann cells are most likely derived from the dorsal
and ventral roots (38), where cells with high levels of
Sema3B expression were also observed. This is in line
with the expression of Sema3B in Schwann cell pre-
cursors during embryonic development (50).

Interestingly, the distribution of semaphorin-posi-
tive fibroblasts differs markedly in scars formed after
transection or contusion lesion. Previous morphologi-
cal studies have revealed profound differences in the
response of the meningeal sheet surrounding the lesion
site following spinal cord transection or contusion le-
sion. Whereas penetrating injuries are characterized
by proliferation and migration of meningeal fibroblasts
into the lesion (14, 34), this does not occur after contu-
sion lesions. Contusion lesions leave the meningeal
sheet largely intact and a spared rim of white matter
remains present. This probably prevents massive pro-
liferation and migration of meningeal fibroblasts deep
into the lesion (6, 9). In line with this, spinal cord
transection results in abundant class 3 semaphorin
expression in the meningeal sheet and in strings and
patches of fibroblast-like cells extending deep into the
center of the lesion. Following contusion lesion, how-
ever, class 3 semaphorin expression is restricted to
cells of the meningeal sheet surrounding the injury
site. Thus, the distribution of class 3 semaphorin-pos-
itive cells appears to be consistent with the lesion-
induced response displayed by meningeal fibroblasts.

In line with the minor cellular reaction of the men-
ingeal sheet during the first week following spinal cord
injury no class 3 semaphorin expression was detected
in the lesion and the surrounding meningeal sheet
during the first postlesion period. In the second week
following transection an increase in thickness of the
meningeal sheet was accompanied by robust expres-
sion of all class 3 semaphorin genes in meningeal fi-
broblasts. The progressive degeneration of spinal cord
tissue due to ischemia and edema results in the forma-
tion of large cavities at 56 days postlesion (51, 68).
With the exception of some faintly Sema3C-positive
cells, no class 3 semaphorin-positive meningeal fibro-
blasts were detected at 56 days posttransection, prob-
ably as a direct consequence of cavity formation and
tissue loss.

Class 3 Semaphorin Receptor Components Are
Expressed by Intact and Injured CST and RST
Motor Neurons

Combined retrograde tracing and in situ hybridiza-
tion revealed the expression of class 3 semaphorin re-
ceptor components and the intracellular signaling mol-
ecule CRMP-2 in neurons that give rise to the CST and
RST. Although spinal cord transection caused no
changes in receptor complex expression in neurons af-

fected by the injury, spinal cord transection induced
NP-1 expression in layers 1l and VI of the motor cortex.
NP-2 gene expression was also slightly increased in
layer Il. It is not clear if these changes are related to
alterations in synaptic contacts of layer V neurons on
layer 11/VI neurons, or whether they are due to in-
creased fore paw use, which changes the sensory input
in superficial cortex layers and effects dendritic
branching (52). Previous studies have also observed
that spinal cord transection induces changes in the
expression of other genes in cortical layers other then
layer V. For example, increased expression of the tran-
scription factor c-fos was found in neurons of all corti-
cal layers (24).

Descending Axons Fail to Penetrate the Semaphorin-
Positive Component of the Scar

Cortico- and rubrospinal neurons are able to form
sprouts near the lesion site but these neurons do not
regrow axons across the injury site (35). Anterograde
tracing of descending fibers with BDA in combination
with in situ hybridization for the secreted semaphorins
allowed us to study the relationship between injured
axon endings and semaphorin-positive cells in the scar.
The majority of BDA-positive fibers did not penetrate
semaphorin class 3-positive portions of the neural scar
following transection. During development cortical ax-
ons are known to be responsive to the repulsive actions
of Sema3A, 3B, and 3E present in the developing spi-
nal cord (10, 48, 49). Previous studies showed the
avoidance of Sema3A-positive meningeal cells in the
scar by regenerating, NP-1-positive, dorsal column fi-
bers in the neural scar formed following transection
lesions (45). Furthermore, fibers of transected primary
olfactory neurons did not grow across Sema3A-express-
ing fibroblasts that fill up the bulbar cavity after olfac-
tory bulbectomy (46). The persistent expression of the
receptor components by axons of the two major de-
scending tracts and the failure of most descending
axons to enter the semaphorin-positive portion of the
scar suggests that secreted semaphorins contribute to
the inhibitory nature of CNS scar tissue.

The observation that occasionally axons do grow
deeply into the semaphorin-positive regions of the in-
jured spinal cord may be explained by the fact that not
all descending fibers may be responsive to scar-derived
semaphorins. Since we traced all descending fibers it is
well possible that those axons originate from other
sources than CST or RST neurons and may lack essen-
tial receptor components or secondary messengers re-
quired to sense class 3 semaphorins.

Our results show an increased expression of class 3
semaphorins in meningeal fibroblasts at the spinal
cord lesion site. Interestingly, the temporal expression
of class 3 semaphorins coincides with the period of
growth arrest of injured CST and RST fibers. This
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suggests that the migration of semaphorin-positive fi-
broblasts into the lesion site could contribute to the
formation of a molecular barrier preventing regenerat-
ing fibers from penetrating the distal spinal cord. Fur-
ther analysis of the role of secreted semaphorins in
neural scar formation and their contribution to the
inhibitory nature of the CNS scar could provide valu-
able insights in the need to neutralize these proteins.
Antibody blocking of class 3 semaphorins or overex-
pression of dominant negative receptors on damaged
axons might be an essential part of a multiapproach
strategy for creating a more permissive environment
for axonal regeneration in the injured spinal cord.
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